We have investigated the control of calcitonin gene-related peptide (CGRP) expression by a serotonergic agonist that is related pharmacologically to currently used antimigraine drugs. During migraines, CGRP levels are elevated but then returned to normal by a 5-HT 1 receptor agonist, sumatriptan. However, neither the molecular nor cellular targets of this drug are known. Trigeminal neurons are the major source of cerebrovascular CGRP, and thus we have used trigeminal primary cultures and the neuronal-like CA77 thyroid C-cell line as a model. We first demonstrate that sumatriptan and another 5-HT 1 agonist, CGS 12066A (CGS), cause a robust and prolonged increase with oscillations in intracellular calcium in CA77 cells. CGS caused a similar increase in trigeminal cultures. We then show that CGS treatment leads to a decrease in CGRP mRNA levels in the CA77 cells. This decrease is attributable to the repression of promoter activity through two discrete elements: (1) the cAMPresponsive region, via a cAMP-independent mechanism; and (2) the cell-specific enhancer, which binds the upstream stimulatory factor helix-loop-helix protein and a cell-specific activator. These results demonstrate that activation of the endogenous 5-HT 1 receptor is coupled to calcium signaling pathways and leads to inhibition of CGRP gene transcription.
terized as the most potent peptide vasodilator of peripheral and cerebral vessels (Brain et al., 1985; McCulloch et al., 1986) . Alternative processing of the primary transcript yields the hormone calcitonin (C T) in thyroid C -cells and CGRP in neurons (Rosenfeld et al., 1983) . In the cerebrovasculature the major source of CGRP is perivascular nerve endings from the trigeminal ganglia (McCulloch et al., 1986; O'Conner and Van der Kooy, 1988) . High levels of circulating CGRP have been measured during migraine and cluster headache Edvinsson, 1993, 1994; Edvinsson and Goadsby, 1994) and have been implicated in neurogenic inflammation (Goadsby et al., 1988; Buzzi et al., 1991) . Recently, sumatriptan, a serotonin type 1 (5-HT 1 ) receptor agonist commonly used in the treatment of migraine, has been reported to selectively return CGRP to normal serum levels and alleviate the headache (Ferrari and Saxena, 1993; Edvinsson and Goadsby, 1994; Buzzi et al., 1995) . Based on pharmacological evidence, this drug is known to interact preferentially with the human and rat 5-HT 1B , 5-HT 1D , and 5-HT 1F receptors (Boess and Martin, 1994) . Although the mRNAs for these receptors have been detected in trigeminal ganglia (Bruinvels et al., 1992; Rebeck et al., 1994; Bouchelet et al., 1996) , it is not known if these neurons express f unctional receptors. Hence, the mechanisms by which 5-HT 1 antimigraine drugs may regulate CGRP levels have not been investigated.
The 5-HT 1 receptors generally have been viewed as coupled to the inhibition of adenylate cyclase via pertussis toxin-sensitive G i -proteins (see Boess and Martin, 1994) . More recently, the receptors also have been reported to elevate intracellular calcium levels when stably expressed in fibroblast cell lines (Adham et al., 1993; Zgombick et al., 1993) . CT/CGRP gene transcription and peptide secretion are increased by cAMP (deBustros et al., 1986 (deBustros et al., , 1992 Monia et al., 1995) , and prolonged elevated calcium has been reported to lower CT and CGRP mRNA levels in a C-cell line (Zeytin et al., 1987) . However, there have been contradictory reports on calcium regulation in C-cells, possibly because of the experimental systems (Jacobs et al., 1983; Besnard et al., 1989) . In either case, the cAMP-dependent and/or calcium-dependent regulation of CT/CGRP gene expression may be potential targets of 5-HT 1 agonists.
In this study we have demonstrated that 5-HT 1 receptors are coupled to calcium pathways in trigeminal neurons and the CA77 rat medullary thyroid carcinoma C-cell line. The CA77 cells provide a useful neuronal model system (Russo and Lanigan, 1996; that eliminates the complicating heterogeneity of trigeminal ganglia. We primarily used CGS 12066A (CGS) (Neale et al., 1987) as a 5-HT 1 receptor agonist, along with other agonists and antagonists. We have shown that CGS decreases CGRP steady-state mRNA levels and CT/CGRP promoter activity in CA77 cells. The CGS responsiveness is mediated via two distinct elements, a cAMP-responsive region and the cell-specific enhancer. These results raise the possibility that at least one mechanism of action of serotonergic antimigraine drugs may be to inhibit CGRP transcription in trigeminal neurons.
MATERIALS AND METHODS
Cell culture. Trigeminal ganglia primary cultures were based on the protocol of Vedder and Otten (1991) . Ganglia from 2-week-old Sprague Dawley rats were dissociated with Dispase II (Life Technologies, Gaithersburg, MD). The cells from four ganglia were plated on glass coverslips coated with mouse EHS laminin (Life Technologies) and incubated in L15 medium, 10% fetal bovine serum (FBS), and 5 ng /ml mouse 2.5 S nerve growth factor (Sigma, St. L ouis, MO) at 37°C in 5% C O 2 . CA77 cells were maintained in Ham's F-12/ DM EM (low glucose) (1:1) and 10% FBS at 37°C in 7% C O 2 . Parental HeLa cells and HeLa cells stably transfected with the human 5-HT 1B receptor (Hamblin et al., 1992) (from M. Hamblin, Seattle Veterans Affairs Medical C enter, Seattle, WA), were maintained in Ham's F-12 and 10% FBS at 37°C in 5% C O 2 . Penicillin and streptomycin were added to all media. CA77 cells used for RNA isolation and transfection were subcultured for 24 hr in serum-free medium (C lark et al., 1995b) . Pertussis toxin (100 ng /ml; Sigma) treatments occurred for 20 hr before the experiment. CGS-12066A monomaleate, N-(3-trifluoromethylphenyl) piperazine hydrochloride (TFM PP), 1-(3-chlorophenyl)piperazine dihydrochloride (mC PP), methiothepin mesylate, and SB 206553 hydrochloride were obtained from Research Biochemicals International (RBI, Natick, M A). The original CGS compound was synthesized as a dimaleate (CGS 12066B maleate) (Neale et al., 1987) , but the two forms appear to have the same pharmacological properties (RBI, R. P., personal communication). Sumatriptan succinate was obtained from the University of Iowa Pharmacy. CGS was prepared at 10 mM in 0.1N HC l, with aliquots stored at Ϫ20°C; TFM PP and mC PP were prepared fresh at 10 mM in 0.1N HC l and water, respectively. In all studies the cells were treated with equivalent amounts of vehicle.
Calcium measurements. Intracellular calcium levels in cultured trigeminal neurons and CA77 cells were measured by a video microscope digital image analysis system (Photon Technology, South Brunswick, NJ), as described previously (Sharma et al., 1995) . Briefly, dissociated trigeminal ganglia and CA77 cells grown on laminin-coated 25 mm glass coverslips were maintained in phenol-and serum-free medium 24 hr before the start of the calcium imaging procedure. C ells were incubated in DM EM (high glucose) containing 0.2% bovine serum albumin and 1-4 M f ura-2/AM for 30 -45 min at 37°C in 5% C O 2 . Higher basal calcium levels were seen with the longer loading time (compare Tables 1 and 2) . After washing the cells twice with DM EM / bovine serum albumin, we incubated the cells for 30 min before measurement, using a Nikon Diaphot microscope. Basal calcium levels were measured for a minimum of 60 sec in untreated cells or for 300 sec in cells treated with antagonists before the addition of CGS. For the pertussis toxin study, cells were kept in the presence of toxin. An equal volume of medium containing agonist or vehicle (at two times the final concentration) was added directly to the cells, and measurements were recorded every 10 sec, generally for 6 -10 min (up to 30 min in some experiments), on a heated stage at 37°C. C alcium levels in individual cells were determined by using a 50 ϫ 50 pixel area in the center of each cell.
cA MP and adenylate c yclase assays. CA77 cells were incubated with 10 M forskolin (Sigma) in the presence or absence of 10 M CGS for 30 min at 37°C, and total cAM P was measured by a cAM P-specific radioimmunoassay (Jaquette and Segaloff, 1997) . Adenylate cyclase assays and membrane preparations were performed as described (Salomon, 1979) . Reactions were initiated by the addition of membranes (10 g) to the assay and then incubated for 20 min at 30°C. Membranes were treated with vehicle or 100 M forskolin Ϯ10 M CGS or 5-HT creatine sulfate complex (freshly prepared in dilute acid; RBI). R NA isolation, RT-PCR , and Northern blots. Total RNA was isolated and analyzed by Northern blots as described (C lark et al., 1995b) . After the removal of CGRP probe from the filter, the membranes were hybridized with a 32 P-labeled rabbit mitochondrial cytochrome oxidase subunit II (C O II) cDNA (Durham et al., 1992) . The signals were quantitated with National Institutes of Health Imagescan software. RT-PCR conditions and 5-HT 1B oligonucleotide sequences have been described (C lark et al., 1995a) . Total RNA (2 g) was used to generate first-strand cDNA with Moloney murine leukemia virus reverse transcriptase, and the products were resolved on 2% agarose gels.
Plasmids and transfection assays. Many of the rat C T/CGRP and thymidine kinase (TK) luciferase reporter plasmids and the cytomegalovirus (C M V) ␤-galactosidase reporter plasmid have been described Russo, 1992, 1993; Lanigan et al., 1993; Lanigan and Russo, 1997) . The 1250 bp C T/CGRP luciferase reporter contains se- [Ca 2ϩ ] i after the addition of the agent. Cells were preincubated with methiothepin (M ET) or SB 206553 (SB) for 5 min before the addition of CGS or treated overnight with pertussis toxin (PTX, 100 ng/ml). C ells were loaded for 30 min with fura-2.
quences from the KpnI site (Ϫ1250) to the Sau3A site (ϩ21) in exon 1. The 280 bp cAM P response element (CRE)-C T-luciferase reporter contains a PCR fragment from Ϫ280 bp to ϩ21 bp. The 1160 -920ϩBam TK reporter contains a BamHI linker (CGGATCCG) inserted at the PvuII site (Ϫ1038 bp) of the 1160 to 920 bp TK-luciferase gene (T verberg and Russo, 1993) . Complementary oligonucleotides with BamHI ends were annealed and ligated into the BamHI site of the TK-luciferase plasmid. The H /O and H /OϩA reporters used in our studies contained four tandem repeats in the sense orientation. The H /OϩA mutant sequence (5Ј-ggatccGGCAGC TGATGCAAATCC Tggatcc-3Ј) (BamHI ends in lower case) contains an adenosine nucleotide (underlined) inserted between the HL H and octamer motifs to create a consensus octamer binding site within the H /O enhancer. All plasmids were sequenced to confirm the insertions.
CA77 cells were transiently transfected by electroporation with 10 -20 g of plasmid DNA at 200 V, 960 F (T verberg and Russo, 1992) . HeLa cells were transfected with 20 g of DNA at 240 V, 960 F. Transfected cells were equally divided among 60 mm dishes containing serum-free medium, treated with CGS or other agents for the times indicated, and harvested 14 -20 hr later. This protocol insured that the control and drug-treated cells had equal transfection efficiencies. For the time course, 10 M CGS was added immediately after transfection and then removed from the cells at the indicated times by washing in PBS, followed by the addition of medium without CGS for the remainder of the time. In the forskolin and cAM P experiments, cells were pretreated for 1 hr in 10 M CGS or vehicle and then treated for an additional 4 hr with vehicle, CGS, 10 M forskolin, or 500 M dibutyrl cAM P (Sigma). L uciferase was measured with reagents from Promega (Madison, W I). In some experiments the transfection efficiencies were normalized to ␤-galactosidase measured with galacto-light reagents (Tropix, Bedford, M A). The ␤-galactosidase normalization did not significantly alter the relative activities. Each experimental condition was repeated in at least three independent experiments done in duplicate.
RESULTS

Elevation of calcium levels in CA77 cells by CGS
To study the mechanisms controlling trigeminal CGRP gene expression, we used the CA77 thyroid C -cell line as a model system. This was necessitated because trigeminal ganglia are a heterogeneous population of neuronal and non-neuronal cells. It is estimated that Ͻ23% of the neurons express CGRP (O'Conner and van der Kooy, 1988) . The CA77 cell line was established from a rat medullary thyroid carcinoma, yet it has a neuronal phenotype that is characterized by high levels of CGRP and expression of 5-HT 1B receptor mRNA (C lark et al., 1995a; Russo and Lanigan, 1996; . In addition, both trigeminal neurons and C -cells share a neural crest origin. The pyrroloquinoxaline CGS was used in our studies as a 5-HT 1 agonist. CGS was characterized initially as a 5-HT 1B specific agonist; however, it has not been tested against many of the more recently discovered 5-HT receptors, such as 5-HT 1F . A major advantage of CGS is that it is not likely to be metabolized by monoamine oxidases (M AO), because the chemical structure of CGS does not contain an amine group. These properties were important because a drawback of the CA77 cells is that they express the serotonin reuptake transporter and M AO, and the f ull spectrum of 5-HT receptors is not known (C lark et al., 1995a; . Hence, the use of CGS allowed us to circumvent these complications pharmacologically. We determined whether CA77 cells express f unctional 5-HT 1 receptors, using CGS in conjunction with other agonists and antagonists. The approach was to measure intracellular calcium levels, because the cloned 5-HT 1B receptor has been reported to elevate calcium levels transiently (Zgombick et al., 1993) . Calcium levels were measured with the calcium-sensitive fluorescent dye f ura-2. The addition of 10 M CGS caused a marked increase in intracellular calcium levels when compared with basal levels in the same cells before CGS treatment (Fig. 1) . After the addition of CGS, elevated levels of calcium were maintained in each cell for at least 30 min, the longest time point measured in this study. CGS also caused oscillations in calcium levels that were superimposed on the overall increase. As a control, calcium levels did not change appreciably after the addition of vehicle for at least 10 min (data not shown). The dosage required for detecting increased calcium levels was ϳ1 M (Table 1) . At 10 M, CGS caused a several-fold increase in calcium levels (Tables 1 and 2 ) and was used for subsequent experiments.
The specificity of CGS was demonstrated by using methiothepin as a 5-HT type 1 receptor antagonist. The addition of methiothepin at concentrations previously used to block 5-HT 1 receptors (Adham et al., 1993; Zgombick et al., 1993) essentially blocked the action of 10 M CGS ( Table 2 ). Concentrations of methiothepin as low as 0.1 M could effectively inhibit calcium increases caused by subsaturating concentrations (1 M) of CGS. In contrast, the addition of a different antagonist, SB 206553, at concentrations that block the 5-HT 2C and 5-HT 2B receptors (Kennet et al., 1996) , did not affect CGS activity (Table 2 ). This particular antagonist was chosen because the efficacy of CGS on 5-HT 2C receptors had not been tested, and this receptor is coupled to calcium.
We then demonstrated that two other 5-HT type 1 receptor agonists, sumatriptan and mCPP (Boess and Martin, 1994) , also increased calcium levels to a comparable extent (Table 2) . Sumatriptan should activate multiple 5-HT 1 receptors at the concentration that was used. This dosage was chosen on the basis of the relative binding affinities of sumatriptan and CGS to the 5-HT 1B receptor (Boess and Martin, 1994) . Although mCPP is not completely selective for type 1 receptors (it can also activate the type 2C receptors), its activity is consistent with the action of CGS. As another test for specificity, we showed that 10 M CGS increased calcium levels in HeLa cells stably transfected with the human 5-HT 1B receptor (Hamblin et al., 1992) , but not in parental HeLa cells that lack 5-HT 1B receptors (data not shown).
As an initial characterization of the type of G-protein coupled to the 5-HT 1B receptor in CA77 cells, we tested the effect of pertussis toxin on CGS and sumatriptan activity. Preincubation with pertussis toxin overnight had no detectable effect on CGS-or sumatriptan-induced elevation in intracellular calcium (Table 2) . These data are in contrast to the inhibitory effect of pertussis toxin on 5-HT-stimulated calcium levels in cells stably transfected with 5-HT 1B receptors (Zgombick et al., 1993) . This difference in coupling is consistent with differences in the type of calcium response in the two studies. Although we observed a delayed, sustained increase in calcium, Zgombick et al. (1993) reported a rapid, transient elevation in calcium. Our results argue that CGS and sumatriptan are activating 5-HT 1 receptors that are coupled by a pertussis toxin-insensitive G-protein to a calcium signaling pathway in CA77 cells.
CGS increases calcium levels in cultured trigeminal neurons
Although 5-HT 1B receptor mRNA had been found in adult rat trigeminal ganglia by in situ hybridization, there was no information on the signaling mechanism in these cells. To address this issue, we established primary cultures from day 14 neonatal rat trigeminal ganglia. We first confirmed that 5-HT 1B receptor mRNA was expressed in these ganglia by using RT-PCR (Fig. 2) . Only a single product was detected. It was the predicted size and comigrated with RT-PCR amplification products from CA77 cells and rat brain. The identity of the CA77 amplified product was established by sequence analysis (C lark et al., 1995a) . As a control for contaminating DNA, no product was detected in the absence of reverse transcriptase.
We then asked whether CGS also would activate a calcium pathway in cultured trigeminal neurons. We observed a robust, sustained (Ͼ15 min) increase in intracellular calcium levels after 10 M CGS treatment when compared with basal levels in the same cells (Fig. 3) . In addition to the sustained overall increase in calcium, there was also a series of calcium oscillations after CGS treatment. Elevated calcium levels were observed initially in the soma and shortly thereafter in the neurites. These data demonstrate that CGS activation of 5-HT 1 receptors is coupled to increases in intracellular calcium in both trigeminal neurons and CA77 cells.
CGS does not decrease cAMP levels
The effect of CGS on cAMP levels in CA77 cells was measured to determine if CGS also might be coupled to the more classical 5-HT 1 signaling pathway. However, 10 M CGS had no significant effect on the 20-fold increase in cAMP levels caused by 1 hr of forskolin treatment (Table 3) . We also observed no effect of CGS on cAMP levels in cells plated at twice the normal cell density (n ϭ 2) or in cells treated for 20 min (n ϭ 2). To confirm that CGS did not affect cAMP levels significantly, we directly measured adenylate cyclase activity in CA77 membrane preparations. CGS (10 M) had little or no effect on the approximately fourfold forskolin stimulation of adenylate cyclase activity. The greatest repression by CGS was ϳ14%, and no decrease was detected in most experiments. A similar lack of an effect was seen after treatment with 10 M 5-HT, with at most a 10% inhibition. These results indicate that 5-HT 1 receptors are not coupled to a cAMPdependent pathway in CA77 cells. 
CGS decreases CGRP mRNA levels
Because increases in calcium levels have been shown to regulate neuropeptide transcription in neuronal cells (MacArthur and Eiden, 1996) , we asked whether CGS would decrease CGRP steady-state mRNA levels. CA77 cells were treated with CGS for 14 -16 hr, because it was reasoned that this amount of time would be needed to detect a change in the relatively stable CGRP mRNA (Cote and Gagel, 1986) . Treatment of CA77 cells with 10 M CGS resulted in a decrease in the level of both the nuclear precursor C T/CGRP RNA (ϳ4 kB) and mature 1.2 kB CGRP mRNA (Fig. 4 A) . As a control, the membranes were stripped and reprobed for C O II mRNA. The effect of CGS treatment on CGRP mRNA levels normalized to C O II levels is shown in Figure 4 B. CGS treatment caused a threefold decrease in CGRP steady-state mRNA levels. These results demonstrate that a 5-HT 1 agonist can downregulate directly the CGRP transcripts in CA77 cells.
Dose-and time-dependent inhibition of promoter activity by CGS
To determine whether the decrease in steady-state CGRP mRNA levels was the result of decreased gene transcription, we evaluated the effect of CGS on promoter activity by using the same treatment paradigm. A luciferase reporter gene containing 1250 bp of the 5Ј flanking sequences of the rat CT/CGRP promoter was transiently transfected into CA77 cells. The 1250 bp fragment contains the regulatory sequences responsible for the cell-specific and cAMP-responsive activities of the rat CT/CGRP gene. CT/ CGRP promoter activity was decreased to ϳ10% of control levels after 16 hr of treatment with 10 M CGS (Fig. 5A) . In contrast, CGS had little or no effect on the activity of a cotransfected ␤-galactosidase reporter gene under the control of the CMV promoter (Fig. 5A ). CGS caused a dose-dependent decrease in CT/CGRP promoter activity with half-maximal inhibition at ϳ2.5 M (Fig. 5B) . A similar value has been reported for CGS inhibition of forskolin-stimulated cAMP accumulation in cells expressing the 5-HT 1B receptor (Unsworth and Molinoff, 1992) . We then addressed whether shorter treatment times also could repress promoter activity. CA77 cells were treated with 10 M CGS for 2, 4, or 8 hr, and then the drug was removed from the culture medium until the cells were harvested at 20 hr. A treatment time as short as 2 hr, followed by 18 hr without CGS, was sufficient to reduce activity by 50% (Fig. 5C ). This indicates that CGS initiates a reduction in CGRP promoter activity within a few hours that is maintained even after removal of the drug.
We also demonstrated that two other 5-HT 1 receptor agonists, TFMPP and mCPP (Boess and Martin, 1994) , were able to decrease CT/CGRP promoter activity. At 10 M TFMPP and 10 M mCPP, promoter activity was decreased to 28% Ϯ 4% and 33% Ϯ 6% of control, respectively (mean Ϯ SEM; n ϭ 3 independent experiments). The mCPP result is especially relevant because this compound increased intracellular calcium levels analogous to CGS. Although, as noted before, mCPP as well as TFMPP is not completely selective, when taken together with the CGS data, these results indicate that 5-HT 1 receptor activation leads to an inhibition of CT/CGRP promoter activity.
CGS can inhibit cAMP stimulation of CT/CGRP promoter activity
We then asked whether CGS inhibition of the cAMP-responsive element of the CT/CGRP gene could contribute to repression of promoter activity. Although we had shown that the effect of CGS was not coupled to decreased cAMP levels (Table 3) , increased intracellular calcium can inhibit cAMP-responsive elements (Ginty, 1997) . We have localized the cAMP-responsive region of the rat CT/CGRP gene between Ϫ280 and Ϫ100 bp (P. L. Durham, unpublished data) . This region shares a high degree of homology with the human CT/CGRP gene, which contains two cAMP-responsive motifs located between Ϫ250 and Ϫ150 bp (deBustros et al., 1992; Monia et al., 1995) .
The effect of CGS on forskolin stimulation of the C T/CGRP reporter genes was tested after treatment of the cells with forskolin for 4 hr. The transcriptional activities of the 1250, 920, and 280 bp C T/CGRP luciferase reporter genes were increased by forskolin 2.7-, 4.6-, and 5.6-fold, respectively (Fig.  6 ). This stimulatory effect of forskolin was inhibited 50% or greater by cotreatment with CGS (Fig. 6) . Comparable inhibition was seen with cells that had been treated with CGS for 16 hr or only 1 hr before forskolin treatment. Importantly, similar results also were seen when dibutyrl cAM P was substituted for forskolin. Dibutyrl cAM P induced the 280 bp C T/CGRP promoter activity fourfold, and cotreatment with 10 M CGS decreased this stimulation by 51% (Ϯ4%; n ϭ 2 independent experiments). As a control, TK-luciferase reporter activity was relatively unaffected by forskolin, dibutyrl cAM P, or CGS during the 4 hr treatment times. These results demonstrate that CGS specifically can inhibit cAM P-stimulated transcription of the C T/CGRP gene.
Repression of cell-specific enhancer activity by CGS
Because CGS can repress CT/CGRP mRNA levels and promoter activity even in the absence of cAMP stimulation, we reasoned that additional sequences might be involved. To test this prediction, we used a series of luciferase reporter genes containing various regions of 5Ј flanking DNA. We first compared the degree of repression of the 1250 bp promoter fragment, which contains the distal cell-specific enhancer and proximal cAMP-responsive region, with a 920 bp promoter-reporter, which lacks the distal enhancer. CGS decreased the activity of the 1250 bp promoter to a much greater extent than the 920 bp promoter (Fig. 7) . To allow comparisons between multiple experiments, we normalized the data to the TK-luciferase reporter and a cotransfected CMV-␤-galactosidase reporter for which the activity remained unchanged after CGS treatment (see Fig. 5A ). Because the TK reporter generally was inhibited 1.5-to 2.5-fold by overnight CGS treatment, this normalization also facilitated the comparison between reporters containing different elements linked to the TK promoter. The relative lack of an effect on the 920 bp reporter illustrates that the CGS effect on basal promoter activity is separate from its effect on forskolin-induced promoter activity. We then mapped the sequences in the region between Ϫ920 and Ϫ1250 bp that were responsible for the CGS repression of basal activity. The distal enhancer within this region is composed of both the cell-specific enhancer and flanking noncell-specific enhancer sequences (Lanigan and Russo, 1997) . Reporter plasmids containing all of the enhancer sites (from Ϫ1160 to Ϫ960 bp) and containing only the cell-specific sites (H/O) were repressed by CGS (Fig. 7) . The degree of repression of the distal enhancer is similar to that seen with the 1250 bp reporter, which contains the enhancer and cAMP-responsive regions. Combined with the relative lack of an effect on the 920 bp reporter, these results demonstrate that the cAMP-responsive region does not contribute to the inhibition of basal activity. In agreement with Figure 5 . CGS repression of C T/CGRP promoter activity. A, CA77 cells were cotransfected with the C T/CGRP luciferase and C M V-␤-galactosidase reporter genes. The C T/CGRP sequences contain a proximal cAM P response region (dotted box) and a distal enhancer that contains both cell-specific (black box) and noncell-specific (striped box) elements. The cells were pooled and divided into parallel dishes that were treated with the vehicle or 10 M CGS for 16 hr. The mean reporter activity per 20 g of protein with the SE is shown from four independent experiments. B, The effect of CGS dosage on C T/CGRP promoter activity. CA77 cells were treated with CGS or the maximum volume of vehicle for 16 hr. The activities were normalized to the vehicle activities, which were generally 32,000 light units per 20 g of protein.
The means and the SE from four independent experiments are shown, except the 0.1 M CGS point, which is from a single experiment. C, The effect of CGS treatment time on C T/CGRP promoter activity. CA77 cells were treated with 10 M CGS or vehicle for the indicated times, washed to remove CGS, and incubated in medium without CGS until 20 hr after transfection. The activities were normalized to the vehicle activities at each time point. The means and the SE from two independent experiments are shown. Figure 6 . CGS inhibition of cAM P stimulation of C T/CGRP promoter activity. L uciferase reporter genes containing 1250, 920, or 280 bp of the 5Ј-flanking sequence of the C T/CGRP gene or the non-cAMP-responsive 105 bp TK promoter were transfected into CA77 cells. The cAMPresponsive region is indicated by a dotted box, whereas the striped and solid boxes identif y the noncell-specific and cell-specific enhancer, respectively. C ells were cotreated with 10 M forskolin in the presence (ϩ) or absence (Ϫ) of 10 M CGS for 4 hr and assayed for luciferase activity. The activities of the forskolin-treated cells with or without CGS were normalized to vehicle (control) cells. The average activity for the TK control cells was ϳ1700 light units per 20 g of protein.
The fold stimulations in response to forskolin and SEM from at least four independent experiments, each in duplicate, are shown.
this conclusion, reporter genes containing the distal enhancer (from Ϫ1160 to Ϫ920 bp) juxtaposed with the cAM P-responsive region (from Ϫ280 to ϩ21 bp) showed no additional repression by CGS, as compared with the 1160 to 920 bp TK-luciferase reporter (data not shown). This is in contrast to vitamin D inhibition of CT/CGRP transcription, which required both regions (Peleg et al., 1993) . Furthermore, neither the Ϫ1160 to Ϫ920 bp nor 18 bp H/O sequences are cAM P-responsive (data not shown). These studies demonstrate that the effectiveness of CGS is mediated via the cell-specific enhancer.
The importance of both sites within the cell-specific enhancer was shown by the loss of CGS-mediated repression on mutation of the H /O enhancer (Fig. 7) . CGS did not have an inhibitory effect on the reporter gene containing the Ϫ1160 to Ϫ920 bp fragment with an 8 bp BamHI linker inserted into the HL H site (ϩBam mutation). Likewise, there was no CGS repression of the 18 bp H/O enhancer containing a single additional adenosine residue inserted between the HL H and octamer motifs (ϩA mutation). The ϩBam and ϩA mutations reduce activity by disrupting the binding of upstream stimulatory factor (USF) and OB2, respectively (Lanigan and Russo, 1997 ). These studies demonstrate that CGS downregulation of the H /O enhancer requires both the HL H and OB2 factors.
To confirm the cell specificity of CGS repression, we tested the effect of CGS on CGRP enhancer activity in heterologous cells. The H /O enhancer of the C T/CGRP gene previously has been shown to be inactive in HeLa cells, presumably because of the lack of OB2 protein (T verberg and Russo, 1993) . Because HeLa cells have been reported to not express 5-HT 1 receptors, we took advantage of a HeLa line expressing 5-HT 1B receptors (Hamblin et al., 1992) . Serotonin treatment of these cells has been reported to inhibit forskolin-stimulated cAMP accumulation in the 5-HT 1B -expressing cells, but not the parental HeLa cells (Hamblin et al., 1992) . As mentioned above, we also saw a CGS-induced increase in calcium levels in the HeLa 5-HT 1B cells. We observed a small (twofold) increase in each of the reporter gene activities after treatment with CGS. Hence, when normalized to the TK reporter, CGS had little or no effect on the H/O enhancer in HeLa cells (Fig. 8) . As a control, the mutant H/OϩA enhancer yielded similar results. These results confirm that CGS repression of the basal enhancer is cell-specific.
DISCUSSION
To begin to understand the molecular mechanism by which serotonergic antimigraine drugs regulate CGRP levels, we have studied the effect of a 5-HT 1 receptor agonist, CGS, on CGRP transcription. We first demonstrated that CGS and sumatriptan markedly increased intracellular calcium levels in CA77 cells in a manner that is similar to CGS effects on trigeminal neurons. The pattern and duration of the calcium increase we observed in CA77 cells differ from those reported for the 5-HT 1B receptor stably expressed in a fibroblast cell line (Zgombick et al., 1993) . Furthermore, in contrast to the the coupling in fibroblasts, the coupling we observed in CA77 cells was cAMP-independent and pertussis toxin-insensitive. To our knowledge, this is the first demonstration of 5-HT 1 receptors coupled to a calcium pathway via pertussis toxin-insensitive G-proteins. Our findings support the possibility of a cell-specific difference from the classical role ascribed to this class of receptors (Boess and Martin, 1994) . Indeed, cell type-dependent recruitment of cAMP and calcium pathways has been reported for transfected 5-HT 1F receptors (Adham et al., 1993) . This potential cell specificity emphasizes the importance of CA77 cells and trigeminal neurons having similar CGS calcium coupling and CGRP enhancer activity in transgenic mice (Stolarsky-Fredman et al., 1990 ). Although it is certainly possible that additional pathways and/or enhancer mechanisms may be recruited in trigeminal neurons that differ from CA77 cells or other models, these similarities support judicious use of CA77 cells for CGRP gene expression studies. CT/CGRP or TK reporter genes containing the cAM P-responsive region (dotted box), distal cell-specific enhancer HL H-octamer binding motifs (H/O; solid box), and/or noncell-specific elements (striped box) were transfected into CA77 cells treated with 10 M CGS for 16 hr and then assayed for luciferase activity. CGS responsiveness also was tested by using reporter genes that contain site-directed mutations in the cell-specific enhancer. Insertion of a BamHI linker (1160 -920ϩBam) or a single adenosine residue (H/OϩA) eliminated both cell-specific enhancer activity and repression by CGS. The data in each experiment were normalized to the TK-luciferase reporter activity in the presence (ϩ) or absence (Ϫ) of CGS and expressed as the fold change relative to TK-luciferase, the mean for which was set at one. The average activities for CGS-treated and untreated TK-luciferase-transfected cells were 1000 and 2000 light units per 20 g of protein, respectively. The means and SE from at least three independent experiments with duplicate samples are shown. Figure 8 . C ell specificity of CGS inhibition of C T/CGRP enhancer activity. TK reporter genes containing the H /O enhancer (solid box) or the H /OϩA mutant enhancer were transfected into HeLa cells expressing the 5-HT 1B receptor, treated with 10 M CGS or vehicle for 16 hr, and then assayed for luciferase activity. The data in each experiment were normalized to the TK-luciferase reporter activity in the presence (ϩ) or absence (Ϫ) of CGS and expressed as the fold change relative to TK, the mean for which was set at one. The average activities for CGS-treated and untreated TK-transfected cells were 3200 and 1600 light units per 20 g of protein, respectively. The means and SE from three independent experiments with duplicate samples are shown.
Using the CA77 cells as a model, we found that CGS decreased CGRP mRNA levels and promoter activity. The concentration of CGS required to inhibit promoter activity correlated with the concentration required for a significant increase in calcium levels. Thus, activation of calcium-dependent pathway(s) is likely to be involved in inhibition of CGRP transcription. How might this be mediated? Elevated calcium levels potentially could activate several signaling pathways and target genes (Ghosh and Greenberg, 1995) . For example, calcium is known to activate CAM-kinases and immediate early genes, which then can, in turn, regulate neuropeptide gene transcription (MacArthur and Eiden, 1996) . Interestingly, tonic neuronal activity, characterized by elevated calcium levels, either can activate or can suppress neuropeptide expression in peripheral neurons, dependent on the neuropeptide, the stimulus, and type of neuron (MacArthur and Eiden, 1996) . Recently, Dolmetsch et al. (1997) reported that both the duration and amplitude of the increase in calcium are critical determinants of gene regulation. Hence, it seems that the prolonged duration of elevated calcium may be an important component of CGS action.
We identified two distinct regulatory regions that are responsible for the inhibitory effect of CGS on CGRP gene transcription, the cAM P-responsive region and the cell-specific enhancer. Because we have shown that CGS had little or no inhibitory effect on cyclase activity and cAM P levels in CA77 cells, this indicates that CGS must inhibit the cAM P-responsive region via a cAMPindependent mechanism, presumably involving calcium. Such inhibitory cross-talk between calcium and cAM P pathways can occur. Elevated calcium can inhibit CRE binding protein (CREB) activity by stimulating a CREB phosphatase (Mulkey et al., 1994; Ginty, 1997) and by causing an inhibitory phosphorylation of CREB (Sun et al., 1994) . The prediction that CGS inhibits a downstream target such as CREB is supported f urther by our observation that CGS also inhibited the stimulatory effect of exogenously added cAM P. C andidate target proteins for repression by CGS include CREB, ATF-1 (Monia et al., 1995) , and a novel factor responsive to activated Ras (Thiagalingam et al., 1996) , all of which have been shown to bind the homologous cAM P-responsive region of the human CGRP gene.
The most marked inhibition of CGRP promoter activity was mediated via the 18 bp cell-specific H /O enhancer. This enhancer is controlled by a synergistic interaction between a ubiquitous USF HL H heterodimer and the cell-specific OB2 protein (Tverberg and Lanigan and Russo, 1997) . Both of these factors are required for the inhibitory effect of CGS. In preliminary studies we have not detected a change in binding activity in electrophoretic mobility shift assays after CGS treatment. This suggests that CGS is not affecting the levels or binding activity of USF or OB2. Because CGS action appears to be fairly rapid, we predict that a calcium-activated kinase cascade initiates repression of the activity of USF and /or OB2 proteins. Interestingly, the H/O enhancer also is repressed by dexamethasone and retinoic acid (T verberg and Russo, 1992; Lanigan et al., 1993) . Thus the cell-specific enhancer appears to be a common focal point of several regulatory agents.
On the basis of these findings, we speculate that antimigraine drugs that bind 5-HT 1 receptors potentially may decrease CGRP synthesis in trigeminal ganglion neurons. This action is most likely occurring in tandem with a rapid inhibition of CGRP secretion, which would account for the fast action of these drugs (ϳ30 min) (Ferrari and Saxena, 1993) . Future studies using both trigeminal and CA77 cell cultures should help to uncover the signaling mechanisms and efficacies of serotonergic drugs on CGRP gene expression and peptide secretion.
